Abstract Rats retain source memory (memory for the origin of information) over a retention interval of at least 1 week, whereas their spatial working memory (radial maze locations) decays within approximately 1 day. We have argued that different forgetting functions dissociate memory systems. However, the two tasks, in our previous work, used different reward values. The source memory task used multiple pellets of a preferred food flavor (chocolate), whereas the spatial working memory task provided access to a single pellet of standard chow-flavored food at each location. Thus, according to the rewardvalue hypothesis, enhanced performance in the source memory task stems from enhanced encoding/memory of a preferred reward. We tested the reward-value hypothesis by using a standard 8-arm radial maze task to compare spatial working memory accuracy of rats rewarded with either multiple chocolate or chow pellets at each location using a between-subjects design. The reward-value hypothesis predicts superior accuracy for high-valued rewards. We documented equivalent spatial memory accuracy for high-and low-value rewards. Importantly, a 24-h retention interval produced equivalent spatial working memory accuracy for both flavors. These data are inconsistent with the reward-value hypothesis and suggest that reward value does not explain our earlier findings that source memory survives unusually long retention intervals.
Introduction
A fundamental characteristic of human cognition is the ability to remember an event that was personally experienced as an episode (Hasselmo and Eichenbaum 2005; Tulving 1983 ). The evolution of episodic memory emerged much earlier than previously supposed, and episodic memory is shared by a phylogenetically wide range of animals (e.g., scrub jays, rats, and primates) Crystal 2005, 2006a, b; Clayton and Dickinson 1998; Hoffman et al. 2009; Martin-Ordas et al. 2010; Crystal 2009, 2011; Zhou et al. 2012) . Episodic memory, as defined by Tulving (1983) , is memory of a specific earlier event and of contextual features of the event (i.e., what, where, and when an event occurred). A prevalent view is that episodic memories can be examined through the study of source memory (Johnson 2005) . Source memory is the recollection of the source, or origin, of information acquired in the past and allows for the recollection of conditions under which the information was acquired and the differentiation of similar events (Johnson et al. 1993) . In humans, for example, source memory is why we can avoid telling our favorite joke to the person who originally told us the joke Wright 2013) . Failures in source memory result in incorrect attributions about one's mental experiences. Such impairments manifest in aging and clinical populations (e.g., Alzheimer's disease and schizophrenia) and can be debilitating (Johnson et al. 1993) .
Source memory has long been studied in humans but is a recent venture in animal cognition. We have developed a model of source memory in rats (Crystal et al. 2013; Crystal and Alford 2014; Crystal and Smith 2014) . In our approach, rats forage in a radial arm maze for chocolateflavored food rewards that replenish (provide additional helpings at a later time) or fail to replenish (do not provide additional helpings at a later time). Replenishment of chocolate was dependent on a source-information rule. The source memory of eating chocolate at daily unique locations was manipulated by the experimenter by either allowing a rat to find the chocolate location by running down a runway (i.e., self-generated search) or placement by the experimenter at the chocolate location (i.e., experimenter-generated search). Rats successfully differentiate the two chocolate locations presumably based on the source feature; rats return to the replenishing chocolate location while avoiding the non-replenishing chocolate location (Crystal et al. 2013; Crystal and Alford 2014; Crystal and Smith 2014) . Other locations provided standard chow-flavored food, which never replenished; the non-replenishing chow locations allowed us to measure spatial working memory concurrently in the same rats that provided an independent measure of source memory. This source memory task allows for the investigation of the characteristic bound quality of episodic memory. Success in the source memory task requires retrieval of the chocolate item (what), the location (where), and the type of search (source). We have previously demonstrated that rats bind together multiple features of an event (i.e., what, where, and source) using interleaved opportunities to forage for food in multiple contexts (Crystal and Smith 2014) . Similar evidence was provided by (Clayton et al. 2001 ) in food-storing scrub jays. The primary function of feature binding is to disambiguate similar episodes from one another. Using a different approach, we recently demonstrated that rats remember many items and the contexts in which they occur (over 30) using episodic memory (PanozBrown et al. 2016) .
Notably, we have previously demonstrated that the forgetting rates for source and spatial memory are different (Crystal et al. 2013; Crystal and Alford 2014; Crystal and Smith 2014) . Spatial memory in rats is vulnerable to decay over retention intervals of 24 h, whereas source memory survives unusually long retention intervals (7-11 days). We have suggested that the different forgetting rates of source and spatial memory document a dissociation between two memory systems, namely source memory and spatial working memory. However, it is important to note that the source memory task used two different food rewards; measures of source memory used locations that provide three of the preferred chocolate-flavored pellets, whereas measures of spatial memory used locations that provide one of the less-preferred chow-flavored pellets. It is notable that at long delays rats are unable to avoid the visited chow locations (based on spatial memory) while successfully discriminating the chocolate locations (based on source memory) within the same session as both tasks require memory of spatial information.
An alternative explanation for the long-lasting memory for source information is that a preferred reward may enhance encoding/memory, which we refer to as the reward-value hypothesis . The reward-value hypothesis proposes that higher encoding/memory, and therefore accuracy, occurs for the locations with highvalued chocolate-flavored pellets. In the source memory task, differentiation between accuracy for source information and spatial information was observed as a function of retention interval. After a retention interval of 24 h following encoding, spatial memory (chow rewarded) is degraded whereas source memory (chocolate rewarded) is preserved (Crystal et al. 2013; Crystal and Alford 2014; Crystal and Smith 2014) . The reward-value hypothesis makes a striking prediction, namely that long-lasting memory would have been observed in a substantial body of earlier research (e.g., Beatty and Shavalia 1980; Crystal and Babb 2008) using the radial maze if only researchers had used sufficiently valuable food rewards. The focus of this hypothesis is on long retention intervals (e.g., 24 h). We believe that a direct test of the reward-value hypothesis can be addressed using a between-group design, in which the reward-value hypothesis predicts that high accuracy will occur even after a long delay for a group of rats tested with a high-value reward (e.g., multiple chocolate pellets at each location) relative to a group of rats that received a standard reward (e.g., an equivalent number of chow pellets). Thus, we assessed spatial working memory using retention intervals up to 24 h in a standard 8-arm radial maze (i.e., there were no replenishment contingencies and the rats never received experimenter placement at a food location). Given the widespread use of the radial maze (with the standard methods used here) in comparative cognition and neuroscience research, we believed that it was worth testing this hypothesis (because it has the potential to reveal a startling revision of our understanding of memory in rats). The impetus for considering this possibility was the surprising observation that we made in our other research focused on source memory, namely that briefly encoded, item-specific information is remembered for 7-11 days (Crystal et al. 2013; Crystal and Alford 2014; Crystal and Smith 2014) , which is unprecedented in rodents and rivals abilities reported in primates and corvids (Clayton and Dickinson 1998; Martin-Ordas et al. 2013) . Therefore, we used the following design in the current research. We used two independent groups of rats. One group of rats received three chocolate pellets at each location (referred to as the chocolate group); a second group of rats received three chow pellets at each location (chow group). Therefore, the reward-value hypothesis predicts that performance with high-value rewards (but not with low-value rewards) will survive a retention interval of 24 h. Alternatively, reward value may not contribute to accuracy of spatial memory; according to this view, we expect that spatial working memory will be degraded after 24 h for both chow-and chocolate-flavored groups. The latter view is consistent with the hypothesis that the longlasting memory observed in previous experiments may be a distinct feature of source memory in rats.
Methods Animals
Sixteen male Long-Evans rats (Rattus norvegicus; Harlan, Indianapolis, IN; 73 days old and 295 g on average, at the start of the experiment) were individually housed with light onset and offset in the colony at 7 a.m. and 7 p.m. EST, respectively. Two rats were excluded from testing with delays (one rat learned to escape the maze and another failed to visit pellet locations during initial stages of training); therefore, we report data from fourteen rats. The rats received 45-mg chow and chocolate pellets (F0165 and F0299, respectively; Bio-Serv, Frenchtown, NJ) during experimental sessions and 15 g/day of 5012-Rat-Diet (PMI Nutrition International, St. Louis, MO) after completing each session. Water was available ad lib, except when the rat was in the maze. All procedures were approved by the Institutional Animal Care and Use Committee at Indiana University Bloomington (protocol 13-012) and followed national guidelines.
Apparatus
An 8-arm radial maze [described in Babb and Crystal (2005) ] was used. The maze (positioned 81 cm above the floor) consisted of a central hub (29 cm in diameter, 11 cm high), eight runways (each 76 cm long, 9 cm wide, and 18 cm high), guillotine doors, and a food trough and pellet dispenser at the distal end of each arm. Experimental events, movement of guillotine doors, activation of food dispensers, and interruption of photobeams were controlled by a Nexlink 850 MHz Intel Celeron computer running Windows XP. Data were recorded (10-ms resolution) with MED-PC software (version 4.1). Chocolate-and chowflavored pellets were placed outside each runway in order to keep food odors constant throughout all parts of the experiment. The maze was wiped down with 2 % chlorohexide prior to placing each rat in the maze.
Preliminary training
Pretraining consisted of two stages: maze familiarization and 8-arm training. Prior to maze familiarization sessions, rats were randomly assigned to either the chocolate-or chow-rewarded group. Chocolate-or chow-flavored pellets (consistent with group assignment) were placed along each arm in the food trough during four daily 10-min familiarization sessions. During daily sessions (i.e., once per day), each rat was placed individually in the central hub of the maze. After 30 s, all eight doors opened and the rats were allowed to explore and eat pellets for 10 min. Eight arm training occurred in ten daily sessions. Session initiation was as described above. Each location provided food once, contingent upon visiting the food trough; rats in the chocolate group received three chocolate-flavored pellets, whereas the rats in the chow group received three chowflavored pellets. Locations did not replenish. Sessions terminated after food was dispensed from all eight locations, or 10 min had elapsed. Rats were always placed in a pseudorandom direction during maze hub placement prior to all preliminary training sessions.
Experimental procedure
Each session consisted of the following (Fig. 1) : a study phase (encoding), a retention interval, and a test phase (memory assessment). A 1-day inter-session interval was used. To initiate the study phase, rats were placed in the hub; orientation of the rats was pseudorandom. Next, the rats were given access to four out of eight locations (randomly selected). The study phase ended when three pellets Fig. 1 A schematic of the maze for two independent experimental groups of rats (chocolate and chow). Each arm was baited with food (depicted by gray shading) once per day. When a rat visited an arm, it consumed the food, thereby depleting these arms of food. A revisit to a food-depleted location is considered an error. In the study phase (encoding), the rat chose from four randomly selected open doors, thereby depleting these arms of food, while closed doors prevented it from entering the remaining four arms. After a retention interval delay, all eight doors opened and the rat searched for the last four baited locations (test phase; memory assessment) were dispensed at each of the four accessible locations when the rat first interrupted a photobeam in the food trough. The rat was removed from the maze and placed in the home cage for a retention interval of approximately 5 min, 30 min, or 24 h. The rat was returned to the central hub to begin the test phase (memory assessment). Memory assessment was prompted by the opening of all eight doors. In the test phase, three pellets were dispensed at each of the four previously unvisited arms when the rat first interrupted the food-trough photobeam. All rats received eleven sessions with a 5-min retention interval followed by eight pseudorandomly mixed sessions with longer retention intervals (five 30-min, three 24 h); although the 24-h retention interval sessions occurred after 5-min retention interval sessions, any new learning would have worked against the expected decline in accuracy due to long retention intervals. For a session using a 24-h retention interval, study and test phases occurred on sequential days; the next session began 1 day after the end of the test phase. Locations during the study and test phase did not replenish food. Each phase ended when the rat obtained all available pellets or 10 min elapsed.
Data analysis
Accuracy in spatial working memory (i.e., avoiding previously visited locations) was measured as the total number of correct (i.e., baited) arm visits during the first four choices of the test phase expressed as a proportion of four. An arm visit was defined as the rat breaking a photobeam at the distal end of the arm; a photobeam interruption at the entrance to an arm was required before the next trough entry was recorded as a visit. An arm visit was counted as an error if the arm had been visited earlier in the session. Spatial memory was analyzed by a mixed analysis of variance (ANOVA). Statistical analysis was performed using IBM SPSS Statistics version 22 (SPSS Inc., Chicago, IL, USA). Statistical tests were considered significant at alpha level of p \ 0.05. No interaction was found between food type and retention interval (F(2, 24) = 0.12, p = 0.89). Post hoc pairwise comparisons (using Fisher's least significant difference) revealed that performance at 24 h was significantly lower than at each of 0 and 0.5 h, which did not differ from each other. If rats entered arms randomly, the dependent measure expected by chance is 0.41 (Olton and Samuelson 1976) . Performance was significantly above chance after the 24-h retention interval (chow: t(5) = 5.24, p = 0.002; chocolate: t(7) = 3.20, p = 0.01); although spatial memory declined, both groups of rats were locating the nonvisited arms at above chance levels.
Results
The reward-value hypothesis predicts that accuracy, after a long (i.e., 24-h) delay, will be higher in the chocolate group compared to the chow group. Our data do not support this hypothesis. We performed a planned comparison on accuracy at the 24-h delay; accuracy in chocolate and chow groups was not significantly different (t(12) = -0.06, p = 0.95) at the 24-h delay. Because rejecting the reward-value hypothesis involves a null-effect prediction (namely that equivalent accuracy will occur after a long delay in chocolate and chow groups), we used Bayesian statistics, which permits ''proving the null'' hypothesis (Gallistel 2009 p. 439; Rouder et al. 2009 ). The prior hypothesis used the effect size derived from our earlier work [Crystal et al. (2013) ; Figure 1C , 24-h source memory effect size = 1.97, using Equation 2.3.4 in Cohen (1988) ]. The ZJS Bayes factor is 4.9; that is, the null hypothesis is almost five times more likely than the hypothesis that reward value impacts accuracy. A Bayes No difference in probability of visiting baited locations during the first four arm choices in the test phase was observed between rats rewarded with chow-(dashed line) and chocolateflavored pellets (solid line). Spatial memory declined as a function of retention interval for both groups. Notably, accuracy in chocolate and chow groups was equivalent after a 24-h retention interval delay, contrary to the reward-value hypothesis. The horizontal dotted line indicates chance. Error bars equal ±1 SEM factor of this size is described as substantial evidence that the null hypothesis is correct (Gallistel 2009 ). Thus, these data provide substantial evidence that the reward value does not influence accuracy, which provides statistical evidence to reject the reward-value hypothesis.
Discussion
The reward-value hypothesis proposes that high-value rewards enhance encoding and/or retrieval of information. The reward-value hypothesis predicts that memory persists over long delays (e.g., 24 h) when a sufficiently high-valued reward is used. In the current study, there was no evidence for enhancement of performance in the chocolaterewarded group; spatial memory performance did not differ between the chocolate-and chow-rewarded groups and both groups showed the typical decline in spatial memory following a 24-h retention interval. Moreover, we provided statistical evidence for equivalent accuracy after a long retention interval using a Bayesian analysis. These findings suggest that reward value does not explain our earlier findings that source memory survives unusually long retention intervals.
A recent study (Smith et al. 2016) sheds additional light on the reward-value hypothesis by using a pharmacological manipulation that differentially interfered with spatial and source memory. The reward-value hypothesis predicts that the strongly encoded information via high-value rewards would be less vulnerable to interference than information from low-value rewards. The opposite was found; source memory (rewarded with chocolate-flavored pellets) was selectively impaired by the nonselective NMDAR antagonist MK801 while sparing spatial memory (rewarded with chow-flavored pellets). Smith et al. (2016) findings lay in contrast with the predictions of the reward-value hypothesis.
In other experiments that used the radial maze, rats avoid visiting previously visited locations even if no explicit rewards are provided (Timberlake and White 1990; Gaffan and Davies 1981) . This observation suggests that high accuracy occurs even when the reward value is potentially zero, which is consistent with our view that reward value is not sufficient to impact accuracy in spatial working memory. This observation does not preclude the possibility that rats may learn about fixed reward values when experimental contingencies demand such learning. For example, Cohen et al. (2003) have shown that rats can learn about reward probabilities at fixed locations or locations predicted by non-spatial cues.
As previously mentioned, the rewards in the source memory task additionally differ in the quantity of food provided. It is possible that a reward of three pellets, instead of the standard one pellet, might drive high source memory performance in our previous work. This possibility was addressed in the current study; all locations provided three pellets per location, mimicking the reward magnitude used for measuring retention of source information in the source memory task. If a large reward magnitude is sufficient to produce long-lasting retention (as in previous work), then both groups in the current study would be expected to produce high accuracy after the 24-h retention interval. Notably, both groups in the current study show the typical decline in measures of spatial memory after a 24-h retention interval. Thus, the data in our earlier work are not likely to be explained by reward magnitude.
An alternative not addressed in the current experiment is the potential role of contrast in the source memory paradigm. Perhaps the contrast between high-and low-value rewards, in our previous work, contributed to survival of memory over a long retention interval. Our current experiment focused on testing a prediction of the rewardvalue hypothesis, namely that high-valued rewards may promote long-term retention of spatial information. Because the current experiment used a between-subjects design, we did not provide a test of the potential role of contrast. That being said, rats in the chocolate-reward group were presented with extra-context contrast in food flavors each day. The chow-flavored reward is similar to the daily food rations provided after daily testing. Therefore, rats in the chocolate-reward group experienced contrast between daily rations and the high-value reward of chocolate during testing. The effect of contrast between high-and low-value rewards, manifesting as decreased performance with low-value rewards, exists over long-interval interruptions of up to 70 h (Flaherty et al. 1979) , well exceeding the intervals in the present study. Therefore, our findings suggest that contrast, at least spanning multiple contexts, is unlikely to support long-lasting memory. Moreover, contrast effects tend to produce changes in response that have a slow onset and cause small changes in measures such as running speed (Flaherty et al. 1973) and, thus, is perhaps unlikely to explain the increase in retention for source locations over 7-11-day retention intervals. However, further research using a within-subjects design to present two flavors per animal in a single experimental context would be needed to fully test the potential impact of contrast on long-term retention.
We propose that reward value is not sufficient to produce long-term retention of spatial information. These data suggest that our earlier observations of long-term retention of source information is not likely to be due to the highreward value in those experiments. Further research should examine the role of within-context flavor contrast on spatial accuracy over long delays. We conclude that the dissociation between source and spatial memory systems in the rat in earlier work is unlikely to be explained by reward value, which opens the door for the study of source memory in nonhumans and supports the translational use of models of cognition in rats.
